Previous studies have implied a key role for the prefrontal cortex in the antidepressive effect of electroconvulsive therapy (ECT). However, there is still ubiquitous inconsistency across these studies, partly due to several confounding effects induced by the use of different samples. Studies with independent samples are necessary for validations to minimize confounding effects. In the current study, resting-state magnetic resonance imaging of 84 participants was collected using two scanners and two types of scanning parameters. One sample consisted of 28 patients and 23 healthy controls, and the other sample consisted of 33 patients. The local activity (indexed by the amplitude of low-frequency fluctuations) and functional connectivity were used to examine functional plasticity in the two independent samples before and after ECT. Both samples showed increased local activity of the dorsomedial prefrontal cortex (DMPFC) and enhanced connectivity of the DMPFC with the posterior cingulate cortex (PCC) following ECT.
Despite advances in pharmacological treatments, about a third of depressive patients still fail to respond to first-line therapies (Rush et al., 2006) , which always take two or more weeks to exert antidepressive effects (Katz et al., 2004) . Electroconvulsive therapy (ECT) is an alternative antidepressive treatment with a high response rate and rapid onset of beneficial effect in relation to depressive episodes (Husain et al., 2004; Kellner et al., 2012) . Although the antidepressive efficacy of ECT is well documented, the precise mechanism of benefit is still unclear. A better understanding of the antidepressant effect of ECT may help obtain an index to optimize clinical treatment.
In simple terms, ECT is a treatment involving induction of seizures through electrodes placed at the surface of the skull. Prefrontal electrode placement is effective in ECT protocols used in clinical practice (Kellner, Tobias, & Wiegand, 2010) , suggesting a crucial role of the prefrontal cortex in the antidepressive efficacy of ECT. Indeed, the prefrontal cortex has been regarded as having a key role in mood regulation more generally (Etkin, Buchel, & Gross, 2015) . Local dysfunctions of the prefrontal cortex and disrupted prefrontal cooperation with other brain regions have consistently been demonstrated in depressive disorder (Rive et al., 2013; Sheline, Price, Yan, & Mintun, 2010) . A substantial number of studies have reported normalized prefrontal local function and cooperation with other regions following successful antidepressive pharmacotherapy (Cheng et al., 2017; . Similarly, there are also multiple studies that have demonstrated the modulation of ECT on prefrontal abnormalities in depressed patients using multiple functional neuroimaging tools, including positron emission tomography (PET) (Suwa et al., 2012; Takano et al., 2007) , magnetic resonance spectroscopy (Jorgensen et al., 2016; Merkl et al., 2011) , and task-related functional magnetic resonance imaging (Beall et al., 2012) .
Recently, another functional neuroimaging tool, resting-state functional MRI (RS-fMRI), has enabled the detection of spontaneous brain activity in healthy individuals (Ji, Liao, Chen, Zhang, & Wang, 2017; Ji, Yu, Liao, & Wang, 2017) and patients with neuropsychiatric diseases (Biswal, Yetkin, Haughton, & Hyde, 1995; Zhang & Raichle, 2010) . Functional connectivity is one of the most popular approaches to assessing RS-fMRI, and it is capable of detecting the synchronization between regions. Studies assessing the functional connectivity of RS-fMRI have suggested that diverse regional cooperation dysfunctions exist in depression (Mulders, van Eijndhoven, Schene, Beckmann, & Tendolkar, 2015) . Although infrequently used, the amplitude of low-frequency fluctuations (ALFF) is also used to identify the underlying neural substrates of depression. ALFF is calculated by the square root of the power spectrum (Zang et al., 2007) and has been shown to have a close association with other measures of tonic brain activation, such as PET (Tomasi, Wang, & Volkow, 2013) . Consequently, ALFF is usually thought to reflect local spontaneous neural activity at rest (Zang et al., 2007) . Abnormal ALFF in depression has been reported in several regions, including the prefrontal cortex and posterior default mode work (predominantly in the posterior cingulate cortex). In addition to being a localized summary measure, ALFF potentially impacts on functional connectivity (Cole, Yang, Murray, Repovs, & Anticevic, 2016) . Regions with ALFF abnormality in depression also show dysfunctional inter-regional cooperation. For example, RS-fMRI findings have implicated decreased functional connectivity between the posterior default mode network and the central executive network (predominantly in the dorsolateral/dorsomedial prefrontal cortex) (Mulders et al., 2015) . As an important addition to this work, findings from our previous study suggest that ECT increases the connectivity between the default mode network and the central executive network (Wang et al., 2018) . This has been validated by another study that revealed enhanced connectivity between the dorsolateral prefrontal cortex and posterior default mode network following ECT (Abbott et al., 2013 ).
Although studies demonstrate the reliability and reproducibility of RS-fMRI (Deuker et al., 2009; He et al., 2009) , there is ubiquitous inconsistency across studies in depressive patients. For instance, Lui et al. suggest that depressed patients display decreased connectivity between prefrontal cortex and limbic areas (Lui et al., 2011) . However, Ye et al. reported increased prefrontal-limbic connectivity in depressed individuals (Ye et al., 2012) . These inconsistencies limit the interpretability of existing findings aiming to uncover the neural mechanisms behind depression and the efficacy of antidepressive treatments. These discrepancies may be attributed to several factors, including differences in the scanners used in each study, imaging parameters, sample heterogeneity, and methodological choices adopted in analyses. Therefore, studies with independent samples are necessary to provide stronger evidence and minimize confounding effects.
In the present study, we assessed alterations in brain activity following ECT in two independent samples. Based on the fact that the prefrontal cortex plays a key role in the development of depression and the antidepressive effect of ECT, we assumed that ECT has significant impact on the local activity (ALFF) of the prefrontal cortex. Considering the impact of ALFF alteration on functional connectivity, we further assumed that ECT may also change the connection of the prefrontal cortex with several regions, such as the posterior default mode work, as previous findings suggest. These functional alterations may be associated with the improvement of depressive symptoms.
| MATERIALS AND METHODS

| Participants
Sixty-one patients experiencing a current depressive episode from 
| ECT procedure
ECT administrations for all patients were performed at AMHC with a modified bifrontal ECT protocol using a Thymatron System IV Integrated ECT System (Somatics, Lake Bluff, IL). It is usually administered 3 times a week. The initial percent energy was set according to the age-based method. The initial percent energy dial was set based on the age of each participant (e.g., 50% for a 50-year-old patient). The stimulation strength was evenly adjusted with an increment of 5% of the maximum charge (approximately 1,000 millicoulombs) in our treatment strategy. If no seizure activity was detected with the initial stimulation setting, the percent energy was increased until seizure was visually observed. During each ECT procedure, patients were anesthetized with propofol and paralyzed with succinylcholine. More details about the ECT procedure can be found in our previous study (Bai et al., 2017) . The ECT procedures were same for two data sets in present study.
| MRI data acquisition
Structural and functional MRI for each participant was obtained using a for the rest of the whole brain. To improve the normality, the correlation coefficients was converted to z values using Fisher's r-to-z transformation and the results were displayed as connectivity maps for each participant.
| Statistical analysis
For the functional images at both sites, we conducted a paired t test to detect the ECT effect on brain function (ALFF and functional con- Besides, correlation analyses were conducted between the change of brain function and the number of ECT sessions. All significance levels were defined as two-tailed p < .05.
3 | RESULTS
| Demographic and clinical results
In the sample at USTC, no significant difference was observed between the depressive patients and healthy controls in age (t = 0.80, p = .43), gender (X 2 = 0.13, p = .72) or interval between the two time points (t = 1.51, p = .14). There were also no significant differences in age (t = 0.25, p = .81), gender (X 2 = 3.87, p = .049), or ECT sessions (t = 1.43, p = .16) between patients at USTC and AHMU. Compared with the sample at USTC, there was a shorter interval between the two time points at AHMU (t = 2.46, p = .02). HRSD score significantly declined following ECT treatment in patients at both USTC (t = 14.03, p < .001) and AHMU (t = 14.70, p < .001). No significant change in HRSD score was found for healthy controls between the two time points (t = 0.91, p = .37; see Table 1 ). For head motion indexed by the frame-wise displacement (Jenkinson, Bannister, Brady, & Smith, 2002) , there was no significant difference between the two time points for data sets acquired at AHMU (t = −1.01, p = .32) or USTC (t = −1.65, p = .11 for patients and t = −1.47, p = .16 for controls).
| ALFF contrasts
In the sample at USTC, ECT increased the ALFF in the DMPFC (see Figure 1a , Supporting Information Table S1 ). Patients at AHMU also presented with higher ALFF in the DMPFC at TP2 than TP1 (see Figure 1b) . In addition, patients after ECT at AHMU also exhibited increased ALFF in the right inferior/middle temporal gyrus and left postcentral gyrus extending to the precuneus, as well as decreased ALFF in the right superior temporal gyrus/insula, middle/superior temporal gyrus, left cerebellum, precuneus/posterior cingulate gyrus, calcarine, and dorsal anterior cingulate gyrus (see Supporting Information Table S2 ).
| Functional connectivity contrasts based on the seed of DMPFC
In the sample at USTC, ECT increased the functional connectivity of the DMPFC with posterior cingulate cortex (PCC), as well as right inferior parietal lobule (see Figure 2a and Supporting Information Table S1 ). Patients at AHMU also presented with increased DMPFC-PCC connectivity at TP2 compared with TP1 (see Figure 2b and Supporting Information Table S3 ). In addition, compared with TP1, patients at TP2 exhibited increased functional connectivity of the DMPFC with the bilateral orbitofrontal cortex, bilateral temporoparietal junction, left inferior/middle temporal gyrus and adjacent DMPFC (see Supporting Information Table S3 ).
| ROI-based comparisons in the data set from USTC
The mean value of ALFF in the DMPFC and DMPFC-PCC RSFC was Information Figure S1 , part B).
| ROI-based comparisons for unipolar depression in the two data sets
The mean ALFF in the DMPFC was increased following ECT for unipolar depression in the data sets from AHMU (t = 4.55, p < .001) and USTC (t = 4.20, p < .001) (see Supporting Information Figure S2 ). The mean DMPFC-PCC connectivity in unipolar depression was also increased following ECT for the data sets from AHMU (t = 4.72, p < .001) and USTC (t = 4.00, p < .001) (see Supporting Information Figure S3 ).
| Correlation analyses
The increased DMPFC-PCC functional connectivity was positively correlated with clinical response for both samples at USTC (r = 0.384, p = .043)
and AHMU (r = 0.456, p = .009; see Figure 3 ). There was no significant relationship between ALFF change with clinical response for the sample at 
| DISCUSSION
Compared with previous studies, the main novelty of this study is the validation using two independent samples to investigate the regulating effect of ECT on brain function. As the prefrontal cortex plays a key role in depressive development and antidepressive effect of ECT, we hypothesized that functional plasticity of the prefrontal cortex induced by ECT is crucial for the improvement of depressive symptoms. Indeed, our results showed that ECT increased local activity in the DMPFC and increased connectivity between the DMPFC and PCC for both data sets. Furthermore, there was a positive correlation between increased DMPFC-PCC RSFC and improvement of depressive symptoms for both data sets.
The DMPFC is a region implicated in many cognitive and emotional processes. For example, during emotional attention processing, the DMPFC shows stronger activity when participants view positive compared with negative pictures (Bermpohl et al., 2006) . Furthermore, the DMPFC is crucial for the inhibition of negative affect (Phan et al., 2005) . The DMPFC is also a key node of the central executive network (CEN), which is involved in several cognitive functions including attention, executive control, and working memory (Bressler & Menon, 2010) (Kaiser, Andrews-Hanna, Wager, & Pizzagalli, 2015; Li et al., 2013 ), more than a few studies have also shown declined intranetwork and internetwork connectivity of the DMN in depressive individuals, especially in the posterior DMN Zhu et al., 2012) . Recent studies have revealed that the connectivity between the CEN and the posterior DMN is decreased in depressive patients and participants at risk of depression (Manoliu et al., 2013; Rzepa & McCabe, 2016) . Aberrant CEN-DMN connectivity is thought to be correlated with maladaptive rumination in depression (Hamilton et al., 2011; Manoliu et al., 2013) . Indeed, the PCC has been implicated in self-referential processing, which underlies maladaptive rumination in depression (Nejad, Fossati, & Lemogne, 2013) . Previous research has confirmed that abnormal
The scatter plot and linear fit show the relationship between the improvement of depressive symptoms and differences in connectivity between DMPFC and PCC among all patients for both samples. DMPFC-PCC connectivity in depressive individuals is associated with disturbed self-referential processing (Davey, Breakspear, Pujol, & Harrison, 2017) . In line with previous results, our results revealed low levels of DMPFC-PCC connectivity in depressive patients at baseline. More significantly, our current study also shows increased DMPFC-PCC connectivity in depressive patients following ECT administration, and a significant association between increased DMPFC-PCC connectivity and improvement of depressive symptoms. Similarly, increased DMPFC-PCC connectivity following ECT has been demonstrated in a study using the method of independent component analysis (Abbott et al., 2013) .
It must be noted that there is a discrepancy between our current results and previous findings. Sheline et al. report increased functional connectivity of the DMPFC for three networks: the cognitive control network, DMN, and affective network (Sheline et al., 2010) . The discrepancy may be attributed to several factors, including sample heterogeneity, analytical strategy and scanning parameters. Furthermore, the DMPFC in Sheline et al.'s study was positioned more rostrally than ours. Subregions of the DMPFC serve distinct facets of advanced human cognition (Eickhoff, Laird, Fox, Bzdok, & Hensel, 2016) . Hence, subregional heterogeneity of the DMPFC may be another potential factor contributing to the discrepancy in findings. did not use a placebo-controlled design for ethical reasons. However, after controlling for medicines, our study still identified local activity and connectional changes in depression. Furthermore, the connectional changes were associated with improvement of depressive symptoms. These observations may amelioration this concern. Third, the sample size of both data sets was relatively small. However, both data sets included unipolar and bipolar depression patients, which have been suggested to differ from one another. In consideration of this limitation, we performed supplementary analysis for unipolar depression at the ROI-level but not the voxel level.
Further research with larger samples of unipolar depression patients is needed to confirm our current findings. Finally, all patients included in the present study were administrated with drugs in addition to ECT, although medicine load was used as a covariate during statistical analysis, we still cannot eliminate the effects of drugs on our findings.
| CONCLUSIONS
In conclusion, we used two independent samples to explore the modulation of ECT on brain function. Our results revealed that ECT increased the ALFF of the DMPFC, and DMPFC-PCC functional connectivity for both samples. The increased DMPFC-PCC connectivity was correlated with clinical response for both samples. These results provide relatively strong evidence suggesting that DMPFC-PCC cooperation may be a potential substrate for ECT in performing an antidepressive effect. In addition to elucidating the mechanisms underlying ECT, these findings may also help to improve antidepressive treatment strategies, such as repetitive transcranial magnetic stimulation targeted at modulating DMPFC-PCC cooperation.
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